Abstract-A hybrid energy storage system (HESS), that comprises of a battery and a supercapacitor, is utilized to absorb the power and energy oscillations for a wave energy conversion system so as to inject a smooth power to the grid. Continuous variation in the wave profile presents a formidable challenge in terms of the power and energy allocation among the battery and supercapacitor. In this paper, an adaptive control strategy is proposed, wherein the power and energy sharing between the battery and super-capacitor are dynamically decided based on an optimization algorithm. The proposed algorithm is aimed at optimizing the total losses in the hybrid energy storage system while simultaneously maximizing the battery lifetime. Circuit simulation and experimental results from a hardware prototype are provided to validate the effectiveness of the proposed control scheme.
I. INTRODUCTION
Energy from ocean waves presents tremendous potential as a resource of renewable energy. Ocean wave offers significantly higher energy density as compared to wind and solar based energy conversion. It is estimated that the global power potential represented by ocean waves is around 2 TW [1] . The Electric Power Research Institute (EPRI) estimates that the total recoverable wave power energy off the U.S. coastline amounts to 1170 TWh/year [2] .
Wave energy converter (WEC) devices are used to extract energy from the ocean waves. The ocean waves, being multifrequency signals (ranging from 0.04 to 0.25 Hz [3] ), lead to generation of oscillating power. An example of power generated from a WEC using a typical ocean wave profile in [2] is shown in Fig. 1 . This oscillatory nature of generated power poses a major challenge for grid integration of WEC [4] . Injection of the oscillatory power directly to the grid could affect the grid stability and induce voltage oscillations.
One of the possible solutions to this problem is to integrate an energy storage system (ESS) which absorbs the oscillating component of the power and thus, a smooth average power can be delivered to the grid [5] - [7] .
The average to peak power ratio from a WEC is typically around 0.1 -0.2. Therefore, the ESS should be capable of processing a high peak power while being able to store a significant amount of energy. Batteries and supercapacitors are popularly used as energy storage devices for wave energy Support for this research has been provided by the North Carolina Renewable Ocean Energy Program, administered by the Coastal Studies Institute. Power generated from a WEC from a typical ocean wave profile [2] . applications. Batteries have high energy density and low power density whereas supercapacitors can supply high peak powers but have relatively low energy density. A combination of batteries and supercapacitors makes an economical hybrid energy storage system (HESS) that can deliver high peak power and store enough energy for the required operation [8] . Fig. 2 depicts the WEC system integrated with HESS [8] . Power electronic converters are used to interface the battery and supercapacitor based energy storage elements to the WEC system.
One of the main challenges with an HESS system is to implement a control strategy that can optimize the power sharing between the battery and the supercapacitor. This issue gets accentuated as the ocean wave profile changes at all time scales, from year to year, season to season, day to day, and even within a few hours during the same day.
Different control techniques for power sharing in HESS have been reported in literature. Rule-based approach for the control of the HESS has been proposed in [9] . However, the rule-based approach need not necessarily optimize performance in terms of HESS losses or battery life. In [8] , a low pass filter based scheme is implemented which takes the full advantage of inherent characteristics of batteries and supercapacitors. However, it requires the wave profile to be known in advance to select the filter parameter for optimal performance.
Past research shows that HESS power sharing can be achieved by means of performing real-time optimization based controls. A multi-objective optimization approach for energy loss minimization and battery protection has been implemented in [10] . However, this approach does not incorporate the battery life in the optimization process. Further, strategies such as Model Predictive Control using dynamic programming based optimization algorithm [11] may be impractical due to their large computational cost and complex calculation processes. Some of the researchers have applied tools such as dynamic programming [12] , or optimization techniques such as the DIRECT algorithm [13] , etc. for the solution. However, these real-time optimization based controls are typically achieved at the expense of high computational and run-time overheads. Further, additional complexities are introduced as it requires design of the computing hardware as well as a real-time optimization algorithm simultaneously. Designing each sub-system independently can result in inefficient control systems with poor performances [14] .
Moreover, these real-time optimization strategies are not directly applicable to an HESS integrated with a WEC system. The wave spectrum of ocean waves does not change very rapidly. In general, the wave spectrum can be assumed to be stationary for up to a duration of 3 hours [15] . In view of this, the low pass filter based approach presented in [8] is modified as an adaptive filter based control scheme in this work. The proposed approach provides the flexibility to modify the power sharing periodically based on the variations in wave profile and thus eliminated the complexities associated with real-time control.
In this paper, an adaptive control strategy is proposed to optimally share the power in a HESS for varying ocean conditions, where the optimality is defined by:
• Maximizing Battery lifetime • Reduction in accumulated losses in the system Section II presents the basis for proposed control strategy using the performance metric models developed for HESS and evaluating it against different power sharing control parameters. The proposed control strategy and it's implementation are discussed in Section III and IV respectively. A simulation based comparison of the proposed adaptive scheme with the conventional scheme in [8] is presented in Section V to showcase the effectiveness of the proposed strategy. Results from a scaled-down hardware test-bed developed in the laboratory are provided to validate the performance of the proposed control strategy in Section VI. 
II. BASIS FOR PROPOSED CONTROL STRATEGY
In [8] , a low pass filter based scheme has been implemented to separate the power generated into low-frequency and highfrequency components as shown in shown in Fig. 3 . The highfrequency component is absorbed by the supercapacitor (SC) so as to maintain a smooth battery current profile. Fig. 3 indicates that the choice of the low pass filter (LPF) cut off frequency influences the power sharing. Moreover, due to the seasonal variations in ocean waves a fixed cut-off frequency based LPF operation may lead to under-utilization and over-utilization of the HESS.
Hence, an adaptive filter-based approach is proposed in this work that accounts for the variability in the ocean wave profiles. In the proposed control strategy, the cut-off frequency, f c , of the LPF is adaptively varied to optimize the power sharing. To optimize the power sharing between the two energy storage components, performance metrics such as the battery lifetime and overall losses in the HESS system have been utilized:
• Losses in HESS: The average power supplied to the grid is given by (1), where < . > denotes the average operator. The average power generated by WEC, < P W EC−gen > is sum of the average power supplied to the grid,< P grid > and the average power losses in HESS, < P HESS−loss >.
Thus, power losses in the HESS should be minimized to decrease the cost of power generation.
• Battery Lifetime: In an HESS, the batteries take a dominant share of the annual operational cost. Moreover, they have a limited lifetime as compared to a supercapacitor. Hence, increasing the battery lifetime is pivotal for cost justification of HESS. The lifetime of the battery depends primarily on two parameters -the magnitude of peak battery current and the number of charge/discharge cycles.
The stark contrast of a supercapacitor to its counterpart is it's ability to operate for a significantly large number of cycles before failure. Moreover, the number of cycles are independent of it's Depth of Discharge. Thus, the supercapacitor lifetime has been excluded in the optimization process.
A. HESS Losses 1) HESS Loss Model: Instantaneous losses for HESS system can be taken as sum of losses in each individual unit, given in (2). P Batt−loss , P SC−loss , P Conv1−loss , and P Conv2−loss represent the instantaneous losses in battery, supercapacitor, DC-DC converter 1 and 2 (refer Fig. 2 ) respectively. In this study, an isolated dual-active bridge (DAB) converter with simple phase-shift modulation and a non-isolated bidirectional boost converter have been implemented for interfacing the supercapacitor and battery to the output DC link respectively. P HESS−loss =P Batt−loss + P SC−loss +
The battery and supercapacitor losses are modelled as the resistive losses due to their internal resistances [16] . An approximate loss model for simple phase-shift modulation for a DAB converter is used as in [17] . The loss model for boost converter presented in [18] is used. The specifications for the converters are given in I. Accumulated losses in HESS can be calculated from (3) , where N is the number of samples taken over a time-slice of T s duration, where T s is defined in hours.
2) Effect of cut-off frequency on HESS Losses: A wave pattern in [2] has been analyzed for the given HESS loss model. Fig. 4 depicts the variation in accumulated HESS losses with f c over different 100s time-slices. The trend-line shows that an increase in f c can help minimize losses.
It has be to be noted that this behavior is observed for a particular wave pattern analyzed and thus, the particular trend might not be true in all conditions.
B. Battery Lifetime
Lifetime of the battery can be primarily optimized by minimizing [19] :
• magnitude of peak currents • number of charge -discharge cycles at high current levels [20] , [21] . The model is based on the battery manufacturer's data regarding the number of cycles a battery can go through for a specific Depth-of-Dischrage (DoD) value. The rain flow counting method simply counts all the cycles that had occurred for each DoD level of the battery. The total damage to the battery is estimated using PalmgrenMiner rule based on the damage fractions (Number of cycles at a DoD/ Manufacturer's stated number of cycle at that DoD) for all DoD levels, which if greater than 1.0 suggests a battery failure.
The model needs to store a continuous time series data and then process the data in blocks. This approach is complicated for its online-implementation, as the algorithm must process all of the stored data simultaneously and require significant computational resources.
Thus, for quantifying the battery lifetime without incorporating complex calculations, a standard deviation function on battery current has been implemented. (4) represents the standard deviation of battery current for a time period T s . Standard deviation (denoted by σ) is a measure that is used to quantify the amount of variation or dispersion of a set of values.
The peak battery currents and the number of charge/discharge cycles will be small for lower magnitude and reduced variation in battery current profile. Therefore, the battery lifetime can be maximized by reducing the SD bat .
2) Effect of cut-off frequency on Battery Lifetime: The effect of variation of the low-pass filter cut-off frequency, f c , using the same wave pattern is studied. Fig. 5 represents the battery and supercapacitor current for two different f c values. It can be observed that an increase in f c leads to an increase in the battery current ripple as well as the peak value of the battery current. The σ value are found to be 0.1 and 0.2 for f c of 0.04 Hz and 0.14 Hz respectively. This shows that a decrease in f c can help maximize battery lifetime.
C. Summary -Effect of varying cut-off frequency
It can be discerned from Fig. 4 and Fig. 5 that the low pass filter cut-off frequency, f c , has a significant effect on the performance metrics. Sections II-A2 and II-B2 shows that in order to reduce losses, a higher f c is preferred whereas to maximize battery lifetime, lower f c is required. Thus, improving both the performance metrics simultaneously is conflicting. Hence, an optimization method is developed to achieve a desired balance between the two objectives.
III. PROPOSED ADAPTIVE CONTROL
The distribution of power between the two energy storage devices is formulated as an optimization problem. An appropriate aggregate objective function is developed from the performance metrics. The optimization objectives are:
1) Minimize accumulated HESS losses represented by (3).
2) Maximize Battery Life : The damage due to magnitude/variation in battery current is quantified by its standard deviation over the period T s as shown in (4).
A single objective function is formulated as a weightedsum of normalized objectives as given in (5). The trade-off factors , γ 1 and γ 2 , affect the trade-off between the objectives included in the objective function and can be chosen according to the designer needs. Moreover, each objective has a different scale and hence, are normalized by using base values to make optimization less sensitive to their scale.
The optimization problem with constraints is given by:
The first constraint restricts the design space of the design variable f c , which can be determined by analyzing the frequency content of the wave spectrum. The second and third constraints are to limit the maximum currents handled by the battery and supercapacitor respectively.
The objective function is non-convex and hence, an optimization technique based on genetic algorithm is adopted. Moreover, the trends are uncertain for all wave conditions. This makes the objective of minimizing the total losses and maximizing lifetime an uncertain optimization problem. Hence, genetic algorithm based optimization which is a metaheuristic technique has been implemented to solve for the global minimum.
A block diagram representing the overall implementation of the proposed scheme with an adaptive filter is shown in Fig. 6 . Supercapacitor voltage, V sc , battery voltage, V bat , DC link voltage, V out and generated power, P gen are measured and stored over a time-slice, T s . The optimization algorithm is implemented and is used to determine the optimal value of the cut-off frequency, f c * , of the adaptive filter for the next time-slice. The process is repeated over every time-slice.
IV. CONTROL STRATEGY IMPLEMENTATION
The proposed control strategy shown in Fig. 6 has been implemented in simulation and hardware. The overall control architecture is shown in Fig. 7 . The objectives of the control architecture are:
• Supply a smoothed average power to the load.
• Tightly regulate the DC link voltage V out .
• Regulate supercapacitor voltage V sc within a desired band. The flow of the control architecture is explained as follows:
• The oscillating power generated by the WEC directly reflects into the change in the DC link voltage, V out . The voltage error is utilized to generate the oscillating current reference. Controller C 1 generates the oscillatory current reference, i * gen .
• An adaptive low pass filter, LP F 1 is used to separate out the high and low frequency components from i * gen . The high frequency current component is used as the supercapacitor current reference, i * sc . The cut-off frequency of the filter is updated by the optimization scheme for the optimal power sharing.
• In order to control the SC voltage V sc within a certain band, a SC voltage control loop is added. This is achieved by drawing a small amount of power from the battery. Controller C 3 is responsible for ensuring the V sc regulation.
• A second non-adaptive low pass filter, LP F 2 is used to separate the DC component from the low frequency component. This DC value of current is supplied to the load, i * load . The low frequency current component, devoid of dc, is assigned as the battery current reference, i * bat . Controllers C 2 , C 4 and C 5 are designed to generate modulation signals for the current control of the power converters interfacing the super-capacitor, battery and grid respectively.
V. SIMULATION RESULTS
A simulation analysis is carried out by simulating a wave profile from [2] . The different parameters selected for the simulation study are given in Table II . The trade-off parameters γ 1 , γ 2 are chosen as 0.5 to give equal weightage to both objectives.
The adaptive frequency based control scheme is run for a time-slice of 100 seconds. This time-slice value has been selected to demonstrate the functionality of the scheme and can be optimized by processing the local data from the ocean wave profiles. Fig. 8 shows the optimal f * c solved by the algorithm for different time-slices based on the previous data for a period of 400 seconds. The cut-off frequency in the Fig. 6 is updated based on f * c in every time-slice. Fig. 9 compares the proposed adaptive filter based scheme with a traditional scheme as in [8] with a fixed filter that has a fixed cut off frequency. The value of the objective function is consistently lower with the proposed optimal approach and thus, leads to both energy savings and increase in battery lifetime. From Fig. 9 , it is challenging to quantify the improvement provided by the proposed scheme. Thus, Table III.  The results from Table III show • decrease in accumulated losses by 5 kWh units over a 24 hour period.
• reduction in sum of standard deviation suggesting an improvement in battery lifetime. When the battery current profile data for both schemes are fed to the battery lifetime model, improvement in battery lifetime expectancy by 1.05 times is estimated. The savings in terms of of 5 kWh units of energy combined with 1.05 times better battery lifetime expectancy over a day, when aggregated over a time-period of a year or longer, amounts to a significant improvement.
VI. HARDWARE DEMONSTRATION
A scaled down hardware test-bed has been developed in the laboratory to experimentally validate the effectiveness of the proposed approach. A hybrid energy storage system consisting of a lead acid battery and supercapacitor module with their respective power converters is implemented with an oscillating power profile generated by a WEC emulator.
The experimental set-up and energy storage elements -battery and supercapacitor is shown in Fig. 10 and 11 respectively. For interfacing the super-capacitor to the output DC bus, a dual-active bridge (DAB) converter with simple phase shift modulation scheme has been implemented. For connecting the battery with output DC bus, a bi-directional boost converter is used with duty cycle control. A DC programmable supply is used as a current source for emulating WEC attributes. A resistive load is connected in parallel with DC link to emulate the load (or the grid). The system ratings for the hardware setup are given in Table IV .
A. WEC Emulation by a DC programmable supply
In order to validate the proposed control scheme, oscillatory power profile from a real WEC in the ocean has to be generated. Thus, to emulate this oscillating generated power, a programmable DC power supply is controlled as a current source with a wave pattern based on real wave data as input. Fig. 12 shows the generated current profile.
B. Hardware Results
The control architecture shown in Fig. 7 has been implemented. The proposed optimization based approach in shown in Fig. 6 is used for adaptively varying the filter cut-off frequency. The oscillating power profile generated by the DC programmable supply is fed to the DC link. The HESS absorbs the oscillating power and regulates the DC link to 50 V. A constant smoothed power is supplied to the resistive load. The oscillating power is shared between the battery and supercapacitor and the distribution is decided by the cut-off frequency of the filter. Hardware results are recorded for two cases with a fixed cut-off frequency, to showcase the change in power sharing within a HESS and a case with the proposed adaptive control. Fig. 13 and Fig. 14 show the experimental steady state results for different cut-off frequencies of 0.02 Hz and 0.08 Hz respectively over a period of 500 seconds. For both the cases, the DC link voltage is held constant to 50 V. A difference in the oscillating power shared by the battery and supercapacitor is observed when the filter cut off frequency changes. Battery processes a larger share of power when the cut-off frequency is higher (0.08 Hz). The supercapacitor voltage varies only within a band of 4.5 V to 5 V for both cases.
The experimental results for proposed adaptive control strategy is shown in Fig. 15 . The cut-off frequency is updated after every time-slice of 100 seconds. The change in current profiles for supercapacitor and battery show the effect of varying cut-off frequency. DC link voltage is still held constant and supercapacitor voltage remains within a band.
Similar to that of simulation, the hardware results have been analyzed for assessing the improvement in each of the objectives. The analysis based on the experimental results is tabulated in Table V. The table shows:
• Minimum improvement in Battery Lifetime by 1.015 times ( Using Battery Lifetime Model).
• Decrease in accumulated losses by at least 1 Wh units The differences with simulation results arise due to differences in scale of the implemented systems as well as the modelling approximations. Nonetheless, the proposed adaptive strategy shows an improvement in terms of battery lifetime and accumulated losses.
VII. CONCLUSION
An adaptive filter based optimal control approach, has been proposed for optimized power sharing in a HESS comprising of a battery and a supercapacitor for a wave energy conversion application, that takes into account the variability of the ocean waves. The effectiveness of the proposed method has been validated through simulations and hardware demonstration.
